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I. INTRODUCTION

I
II-V multijunction solar cells have shown steady performance improvements, with recent four-junction solar cells reaching record efficiency of greater than 45% under concentration [1] , [2] . To further advance the state-of-the-art, five and six junction solar cells will be necessary to achieve high con-centration efficiencies over 50%. Such cell designs require the development of a high-quality second junction with a bandgap of ∼1.7 eV [3] . Furthermore, successful development of highquality 1.7 eV solar cells would also be ideal for III-V/Si tandem cells, which have a projected one-sun efficiency exceeding 30% [4] , [5] . Tandem devices with top-junction bandgap close to 1.7 eV are also ideal for photo-electrochemical water splitting [6] . The two primary candidates lattice-matched to GaAs with a direct bandgap of 1.7 eV are Al x Ga 1−x As (x ∼ 23%) and Ga x In 1−x As y P 1−y (x ∼ 68%, y ∼ 34%). While the AlGaAs material system is better understood than GaInAsP, AlGaAs alloys have been reported to form deep-level recombination defects due to oxygen contamination [7] that could hinder the long-term device performance and reliability. The quaternary GaInAsP offers an attractive Al-free alternative to conventional AlGaAs-based materials and can be grown lattice-matched to GaAs spanning a bandgap range from 1.42 to 1.92 eV [8] , allowing for design flexibility in III-V multijunction and III-V/Si tandem cells.
GaInAsP alloys lattice-matched to InP have been well explored for optoelectronic devices, including 1-1.2 eV solar cells [9] - [11] . However, GaInAsP alloys lattice-matched to GaAs are susceptible to spinodal-like decomposition owing to a wide miscibility gap [12] . The GaInAsP/GaAs material system has not been as extensively investigated, especially for solar cell applications, since initial reports in the early 1990s [8] . The cell performance reported back then showed QE < 70% over the wavelength range of ∼590-730 nm [8] , which is the most critical portion of the spectrum for successful integration of these 1.7 eV GaInAsP cells underneath a ∼2.1 eV top-cell in five or six junction solar cells.
We reported preliminary work on the development of 1.7 eV GaInAsP solar cells and studied the performance trade-offs with varying base thicknesses and doping concentrations [13] . In this work, we demonstrate 1.7 eV n-i-p GaInAsP solar cell designs with enhanced depletion width as an effective strategy to boost the long-wavelength current collection. Furthermore, we demonstrate substantial improvement in the cell performance when the GaInAsP base layer is grown at 650°C in comparison to 600°C. We present ∼1.7 eV GaInAsP solar cells with peak external quantum efficiency (EQE) exceeding 90% and solar cell conversion efficiencies exceeding 21% under AM1.5G spectrum.
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II. EXPERIMENTAL METHODS
All the GaInAsP solar cell devices in this study were grown in a custom-built atmospheric pressure metalorganic vapor phase epitaxy reactor. The primary group III and group V precursors used were trimethylgallium (TMGa), triethylgallium (TEGa), trimethylindium (TMIn), trimethylaluminum (TMAl), arsine (AsH 3 ), and phosphine (PH 3 ). The AsH 3 source used in the GaInAsP layers was diluted with hydrogen to 3% to control the low flows necessary. The dopant precursors used in this study were hydrogen selenide and diethylzinc (DEZn). For the GaInAsP layer, we used TEGa instead of TMGa for two key reasons. First, at lower growth temperatures the pyrolysis of TEGa is more efficient. In addition, the use of TEGa allows for a reduction in the carbon background doping [14] which could be beneficial for devices that employ field-aided collection. All the solar cell structures in this study were grown on GaAs substrates with a 6°miscut toward the (111)A direction to suppress the lateral composition modulation, as discussed elsewhere [13] , [15] . Growth on an A miscut substrate has also been reported to be beneficial for achieving high-quality AlInGaP (bandgap of ∼2.1 eV) solar cells due to reduced oxygen incorporation [16] .
A front heterojunction cell design was employed with an n-type GaInP emitter (N D ∼ 1 × 10 18 cm −3 ) and a p-type or undoped GaInAsP base layer to focus on the longer wavelength red-response in these ∼1.7 eV GaInAsP cells. A schematic of the GaInAsP solar cell structure is shown in Fig. 1 . All the solar cells were grown in an inverted direction and processed as described previously [17] . The AlInP window and GaInP emitter layers were grown at 700°C and the subsequent GaInAsP base layer was grown at 600°C, following a growth pause. The GaInAsP base layers were grown at a nominal growth rate of ∼3.3 μm/h and a V/III ratio of ∼380. In selected cells, we grew the GaInAsP base layers at 650°C in order to assess the role of growth temperature. The final processed cells in this study were coated with a bilayer MgF 2 /ZnS antireflection coating. Capacitancevoltage (CV) and room-temperature Hall measurements were taken to estimate the p-type and n-type dopant concentrations in the base and the emitter layers, respectively. The quantum efficiency and specular reflectance were measured on a custombuilt instrument. The JV measurements were taken on a class A adjustable solar simulator, tuned to represent the AM1.5D or AM1.5G spectra at 1000 W/m 2 , with a primary calibration reference cell used to set the intensity.
III. RESULTS AND DISCUSSION
A. Cell Base Layer Thickness
Typically, the absorber (base) layer thickness of a subcell is adjusted in order to realize current-matching in a multijunction solar cell. However, increasing the base layer thickness might not enhance the short-circuit current density of a subcell if the base layer thickness exceeds the minority carrier diffusion length. In order to gain insight about the minority carrier collection in 1.7 eV GaInAsP solar cells, a set of samples was grown with nominal base thicknesses of 1, 1.5, and 2 μm. The DEZn flow was fixed for this set of samples and doping concentration in the base layer was estimated to be about N A ∼ 1 × 10 17 cm
from CV measurements. Nearly 95% of the incident energy (in the wavelength regime of 300-730 nm) is expected to be absorbed in a 2 μm thick GaInAsP absorber layer (without a back reflector), based on the absorption coefficient as determined from ellipsometry measurements (not shown). The corresponding EQE characteristics for the cells grown with varying base thicknesses are shown in Fig. 2 . The open-circuit voltage (V OC ), short-circuit cur- rent density (J SC ), fill-factor (FF), and bandgap-voltage offset (W OC ) for this set of samples are listed in Table I . Fig. 2 shows that the long-wavelength carrier collection is degraded for the cell with a 2 μm thick base layer (MO722). Contrary to expectations, we observed a notable improvement in the long-wavelength carrier collection by reducing the base layer thickness. In order to gain insight into the carrier transport in these cells, we modeled the quantum-efficiency using the standard Hovel drift-diffusion equations. The trend of enhanced long-wavelength carrier collection with reduced base thickness suggests that a short electron diffusion length (L n ) is limiting the cell performance (and rear surface recombination velocity is <10 5 cm/s). Modeling indicates that at a base doping concentration of N A ∼ 1 × 10 17 cm −3 , the corresponding electron diffusion length is estimated to be ∼0.8-1 μm. This implies that for the cells with 1.5 and 2 μm thick base layers, a significant number of carriers are generated farther away from the junction and they recombine before being collected, owing to the short diffusion length. Consequently, the poor carrier collection due to short diffusion length outweighs the increase in base thickness and did not enhance the photocurrent. We next investigate the role of GaInAsP base doping and its impact on the red response, the more critical portion of the spectrum for integration in multijunction devices.
B. Base Layer Doping Concentration
Solar cell designs with low base layer doping translate to greater depletion widths and could potentially enhance the photocurrent attributed to field-aided collection. This concept has been well explored for solar cell absorber materials with short diffusion lengths such as dilute nitrides [18] , [19] and thin film silicon solar cells [20] . In order to systematically assess the effect of depletion width on the photocurrent, a set of 1.7 eV GaInAsP solar cells were grown with varying base doping concentrations while keeping the thickness of the base layer fixed at 2 μm. The base doping concentrations along with the corresponding depletion widths are summarized in Table II varying base doping concentrations are shown in Fig. 3(a) . We did not see any substantial changes in the red-response between the higher doped samples MO812 and MO576, as shown in Fig. 3(a) . Short-circuit depletion widths (W D ) measured on MO576 and MO812 were 0.08 and 0.13 μm, respectively. This suggests that nearly the entire 2 μm thick base layer represents a quasi-neutral region. Consequently, a significant fraction of the carriers recombine in the quasi-neutral region due to short diffusion length. This manifests as poor long-wavelength response for both of these samples (MO812 and MO576) with nearly identical QE. The subtle differences in J SC can be explained by the subtle unintentional changes in the bandgap.
To investigate the impact of wider-depletion region, the base of sample MO838 was grown unintentionally doped. The lower background doping concentration (N A ∼ 2 × 10 15 cm −3 ) and consequently greater W D (∼1.1 μm) in MO838 translates to significantly enhanced long-wavelength response, which is also reflected in the higher J SC . In devices that show field-aided collection behavior, the depletion width increases with increase (decrease) in reverse bias (forward bias) voltage. Therefore, the carrier collection and hence the current density increases as the voltage is swept from the maximum power point toward the short-circuit condition. The slope observed near J SC in the light IV (LIV) curves of MO838 in Fig. 3(b) is a classic signature of poor field-aided collection [21] and does not represent shunt resistance because the dark IV curves (DIV) do not show this behavior. The origin of this field-aided behavior is discussed in more detail in the next section. This sample (MO838) demonstrated significantly improved red photocurrent response, but at an expense of a reduction in V OC and FF. The drop in short-wavelength photoresponse is not completely understood at present. The DIV characteristic for this sample show n = 2 diode behavior for nearly the entire voltage range, unlike the doped samples which transition to n = 1 diode behavior. The reduction in V OC for the UID sample can be attributed to higher dark current density associated with the depletion region recombination (J 02 ). When J 02 dominates the recombination, V OC can be expressed as
where n 2 ∼ 2. J 02 depends on the depletion layer width [22] W D and is expressed as
where n i is the intrinsic carrier concentration and τ base is the minority carrier base lifetime. Lowering the base doping increases the depletion width and the associated depletion region recombination, which manifests into higher J 02 . Consequently, the increase in J 02 in MO838 resulted in slightly lower V OC . The drop in FF and V OC overshadowed the expected efficiency improvement in spite of higher J SC . It is worth noting that the reason for short minority carrier diffusion length is not clear at present. For GaInAsP films grown on InP, it has been reported that Zn could be incorporated at both substitutional and interstitial sites and this may complicate the electrical transport [23] . Zn doping has also been reported to disorder the column-III sublattice and enhance cation (In and Ga) interdiffusion in GaInAsP grown on GaAs [24] , [25] , which could potentially hinder the minority carrier transport as well. This subject is worthy of further investigation.
C. GaInAsP n-i-p Solar Cells
It is critical to better understand the field-aided transport behavior in these 1.7 eV GaInAsP cells and investigate mitigation strategies to minimize the drop in FF. Intuitively, one may expect improved carrier transport in devices with wider depletion widths. However, the collection efficiency of carriers generated within the depletion region not only depends on the strength and width of the electric field, but also on the rate of nonradiative recombination. Typically, with increase in the UID layer thickness, the effective electric field reduces (depending on the background doping) and the likelihood of nonradiative recombination increases [21] , [26] . To understand and correlate the impact of the UID layer thickness on the carrier transport and cell performance, a series of n-i-p heterojunction GaInAsP solar cells were grown with nominal UID layer thicknesses of 1, 1.4, and 1.7 μm. This sample set included a 1 μm thick GaAs absorbing layer behind the cells to simulate the optical structure of a multijunction device, but it should not alter the relevant field-aided carrier transport discussion in this section. The nominal UID layers in each case were embedded between the same n-type GaInP emitter layer and a p-type GaInAsP base layer. The combined thickness of the UID layer and the p-layer (both GaInAsP) was fixed to 2 μm to keep the same optical absorption volume. Thus, the device with the thickest UID layer (MO905-1.7 μm) had the thinnest p-doped GaInAsP layer (0.3 μm). The doping concentrations of the n-type GaInP and the p-type GaInAsP layer were kept fixed at ∼1 × 10 18 and ∼2 × 10 17 cm −3 , respectively. It is worth nothing that the UID layers were only partially depleted and the corresponding short-circuit depletion widths measured (CV measurement at zero bias) for these three samples were ∼0.85, ∼1.05, and ∼1.10 μm. At a reverse bias of 2 V, the depletion widths (at -2 V) in all of the three n-i-p solar cells extended to the originally intended UID layer thicknesses of ∼1, 1.4, and 1.7 μm (within an error of ±5%). Thus, the UID layer thicknesses are independently confirmed by reverse bias CV measurement, in addition to the growth-rate/thickness calibration method, which gives additional confidence in the thicknesses. Since the UID layers are only partially depleted at short-circuit, the carrier transport in these UID layers is not solely due to drift, but rather a combination of drift (depletion region) and diffusion (low pdoped intermediate region). Fig. 4 (a) and (b) shows the EQE characteristics (at zero voltage bias) and the IV curves, respectively, of n-i-p GaInAsP solar cells grown with varying UID layer thicknesses and the solar cell parameters are listed in Table III . For the cell with the thickest UID layer (MO905), we observed a drop in the EQE and a more pronounced slope in the IV curve near J SC , whereas the cells with thinner UID layers had relatively flat IV curves near J SC . The trend was confirmed by measuring the EQE at a reverse bias voltage (V RB ) of 2 V. Increasing the magnitude of reverse bias voltage is expected to not only increase the depletion width, but also improve the strength and the width of the electric field. Fig. 5(a) and (b) shows the EQE at V RB = 0 and 2 V, for cells with UID layer thicknesses of 1.4 and 1.7 μm, respectively. For the thinner layer in Fig. 5(a) , there is negligible change in the EQE, whereas there is a significant increase in EQE when measured at V RB = 2 V for the thicker UID layer. This increase is consistent with the sloped IV curve near J SC , indicating that the carrier collection efficiency increases as the voltage bias decreases from the maximum power point and into reverse bias.
These data indicate that for the samples with 1.0 and 1.4-μm UID layers, the effective collection length (L C ) was on the order of the absorber layer thickness of 2 μm at zero bias, but for the 1.7 μm sample it was less than 2 μm and could only be increased by applying reverse bias. For the samples with 1.0-and 1.4-μm UID layers, the fact there is negligible change in QE indicates that the diffusion length in the 1.0-and 0.6-μm p-doped GaInAsP layers is on the order of ∼1 μm, and therefore it is reasonable to rule out the diffusion length in the 0.3-μm p-doped layer of sample MO905 (1.7 μm UID layer) as a plausible cause of the drop in EQE. Accordingly, it appears that the carrier transport across the thick 1.7 μm UID-layer was responsible for the drop in QE in MO905. Furthermore, from the light and DIV characteristics, it is apparent that the series resistance and depletion region recombination (n = 2) were highest for the cell with the thickest UID layer (MO905). Consequently, the FF was most affected for this cell, and we expect the nonradiative recombination rate in the depletion region to also be the highest. A similar degradation in material quality and FF for thick i-layers has also been reported for GaInP n-i-p solar cells [27] .
In order to better understand the physical carrier transport mechanism, we simulated the electric field profile across a simple n-i-p GaAs solar cell using PC1D [28] , which models a solar cell's performance by numerically solving the one-dimensional, nonlinear transport equations. The modeling results will differ slightly from the actual devices investigated in this study because of the differences between the GaAs and GaInAsP dielectric constants and intrinsic carrier concentrations, but the underlying physics is representative. The simulated electric field profiles representative of the three n-i-p devices are plotted in Fig. 6(a) , at zero bias in the solid lines and reverse bias in the dashed lines. For the 1.0 μm UID layer, the electric field drops linearly to nearly zero across most of the width of the UID layer, and there remains only a narrow ∼0.15 μm region of low-doped GaInAsP between the depletion region and the p-GaInAsP base (at zero bias). For the 1.4 μm UID layer, the intermediate region extends to ∼0.35 μm, and for 1.7 μm it extends further to ∼0.55 μm, as the electric field now drops to nearly zero over only about 2/3 of the UID layer.
The total collection efficiency in the UID layer depends on the balance between the collection due to drift (in the depletion region) and the diffusion length (in the intermediate region). In reverse bias, the depletion region width increases and correspondingly the width over which the electric field drops to zero increases, and therefore the intermediate, low-doped GaInAsP region shrinks. Conversely, the intermediate region increases in width in forward bias and is the widest for MO905 (thickest UID layer). Evidently, the intermediate region in the ∼1.4 μm UID layer of MO907 is just narrow enough that carriers can be collected there by diffusion, over nearly the full range of voltage biases. However, the intermediate layer in the 1.7 μm UID layer of MO905 is too thick and cannot support complete carrier diffusion as the cell is forward biased, and therefore the measured photocurrent, and FF, decreases in forward bias. Furthermore, higher nonradiative recombination in MO905 also suggests that carriers are more likely to recombine before reaching the junction.
Let us note that while an observed slope in the IV curve from J SC to J mp is the traditional signature of field-aided collection, the modeling in Fig. 6(a) indicates that the electric field can still have a strong effect on the collection efficiency even without causing a pronounced slope near J SC , if the cell is carefully designed such that the UID layer is thinner than a critical, doping-dependent thickness. In that case, the collection in one portion of the cell is dominated by the electric field and in the other portion by diffusion, with overall collection length on the order of absorber layer thickness or potentially greater. For these GaInAsP cells, the critical thickness is ∼1.4 μm at a background doping of 2 × 10 15 cm −3 . It is worth noting that this critical thickness (and therefore, the collection length) is strongly dependent on the background doping concentration in the base layer and is expected to increase as the background doping reduces, as further discussed in the next section.
D. Role of GaInAsP Growth Temperature
The composition of the GaInAsP layer was recalibrated at a growth temperature of 650°C in attempt to lower the base doping concentration. New solar cells were fabricated with similar structure as MO838, except the base layer was now grown at 650°C. This temperature resulted in epilayers with smoother surfaces than 600°C, but is closer to the temperature where the growth surface becomes unstable [15] . The cells were grown with a 2 μm thick base layer with no intentional doping. In comparison to cells grown at 600°C (MO838), with a background doping of ∼2 × 10 15 cm −3 , a lower p-type background doping of ∼6 × 10 14 cm −3 was measured for the cell grown at 650°C (MO877), translating to a short-circuit depletion width of ∼1.7 μm. Modeling in Fig. 6(b) confirms that the electric field extends to nearly ∼1.7 μm at this background doping, which is expected to improve the carrier collection. Indeed Fig. 6(b) shows strong effect of background doping on the electric field profile. Fig. 7 shows the EQE and JV characteristic (inset) of the GaInAsP solar cell with the base layer grown at 650°C. The LIV curves did not show a slope near J SC . We also saw negligible change in EQE with reverse bias. This further suggests that L C was on the order 2 μm or higher. The 1-sun solar cell conversion efficiency for GaInAsP solar cells grown at 650°C was measured as 20.8 ± 1% (AM1.5D) and 21.5 ± 1% (AM1.5G), with W OC of 0.47 ± 0.02 V (not independently confirmed). The primary source of uncertainty in efficiency is from photocurrent measurement and in W OC calculation is from the bandgap. These GaInAsP solar cell performance metrics are comparable to state-of-the-art ∼1.7 eV AlGaAs solar cells [7] . It is worth noting that we observed about a ∼40-50 meV reduction in the GaInAsP bandgap, owing to the higher degree of CuPt B atomic ordering (not shown) observed in the GaInAsP films grown at 650°C, which is partially responsible for the increase in J SC .
In principle, growth temperature can influence phase separation, atomic ordering, dopant incorporation, and even minority carrier properties, thus making it very challenging to separate the individual effects. However, there are a few key characteristics that likely contribute to the better cell performance observed for GaInAsP layers grown at higher temperature (650°C), in addition to the lower base doping (or wider depletion) width described above. It has been reported that CuPt B -ordering suppresses phase separation in GaInAsP alloys [29] . Therefore, higher degree of atomic ordering for films grown at 650°C (in comparison to 600°C) likely improved the material quality. Furthermore, Sasaki et al. [30] have reported on dramatic improvement in carrier lifetime with increase in atomic ordering in GaInP films grown on GaAs. A similar improvement in minority carrier properties could also be playing a critical role in GaInAsP cells with higher atomic ordering. Experiments to further understand the role of GaInAsP growth temperature and its correlation to cell performance are underway. Further improvement in V OC and FF can be addressed through refined device design and epitaxial growth targeted toward improving the diffusion lengths in these 1.7 eV GaInAsP alloys. Nevertheless, careful optimization of the n-i-p device architecture has been shown to be an effective strategy to boost the carrier collection, while reducing the drop in FF.
IV. CONCLUSION
We have developed quaternary ∼1.7 eV GaInAsP solar cells grown lattice-matched to GaAs for integration with the next generation of III-V multijunction solar cells. We have systematically investigated the impact of varying base thicknesses and doping concentrations on the carrier collection and performance trade-offs in these solar cells. The long-wavelength photoresponse was found to be very sensitive to p-type zinc doping in the base layer, which we attribute to short diffusion lengths. We demonstrate prototype GaInAsP n-i-p solar cell designs that leverage enhanced depletion width as an effective strategy to achieve peak quantum efficiency exceeding 90%. Careful optimization of the i-layer thickness is shown to be a critical parameter to minimize the drop in FF due to field-aided collection. Furthermore, we demonstrate substantial improvement in the cell performance when the GaInAsP base layer is grown at 650°C instead of 600°C. The best GaInAsP solar cell (E g ∼ 1.65 eV) in this study achieved an efficiency of 20.8% under AM1.5D spectrum and 21.5% under AM1.5G spectrum. These results highlight an important step toward integrating Al-free 1.7 eV GaInAsP solar cells into the next generation of III-V multijunction solar cells and for III-V/Si tandem solar cells.
